SUMMARY An ultrasound instrument has been developed that combines a real-time cross-sectional imaging system and a spectrum analyzer-based Doppler velocimeter. This combination allows the Doppler sample volume to be superimposed on the cross-sectional image of the heart so that the sample volume can be located accurately. the ultrasound image and used for Doppler blood flow detection ( fig. 1) .
RECENTLY THERE HAS BEEN INTEREST in estimating blood flow velocity in man noninvasively by detecting the Doppler frequency shift of a beam of transmitted ultrasound.'-" In order to quantitate the volume of blood flow, however, it is necessary to measure other quantities in addition to the Doppler frequency shift. These additional quantities include the angle between the ultrasound beam and the flowing stream of blood, and the diameter of the vessel in which the blood is flowing. To detect the Doppler frequency shift, a Doppler velocimeter has been developed that is based on a real-time spectrum analyzer. In order to measure the angle of the ultrasound beam relative to the flowing stream of blood, this Doppler velocimeter has been combined with a two-dimensional imaging system that allows the blood vessel to be imaged at the same time that the Doppler sample volume is superimposed on the image. The present paper describes the design and operation of this system.
System Design
The overall design concept is based on using the ultrasound transducer incorporated in a mechanical sectorscanner" for both Doppler frequency shift detection and cross-sectional imaging ( fig. 1 ). Since it is desirable to sample the Doppler signal approximately 10,000 times per second, it is not possible to generate a cross-sectional image and simultaneously sample the Doppler shift with a mechanical sector-scanner. This is because the crosssectional images are constructed at a rate of 30 images per second and, thus, the sound beam passes through a specific part of the heart only 30 times each second. Even doubling the imaging rate would not allow the Doppler shift to be sampled at a rate even remotely approaching the desired 10,000 samples per second. Rather than use two separate transducers (one for Doppler detection and one for crosssectional imaging)4, a mechanical sector-scanner" was modified so that the 2.2 MHz transducer used for crosssectional imaging could be stopped in a specific location in and adult normal subjects indicates that it is possible to place the Doppler sample volume in the proximal main pulmonary artery at a point where the sound beam and blood flow stream are parallel. Measurement of the distance from transducer to the sample volume and the peak blood flow velocities in the main pulmonary artery of normal subjects indicates that these quantities are within the measurement capabilities of the system. The ultimate goal of this device is to make measurements of volume blood flow in man noninvasively.
the ultrasound image and used for Doppler blood flow detection ( fig. 1 ).
The specific position within the image where the transducer would stop was indicated by a highlighted line ( fig. 1 ). In the present design, the transducer was stopped one-third of the way in from the right side of the image by a metal pin that engaged the mechanical linkage being used to angle the transducer back and forth through a 30°or 450 sector. A stop-button mounted on the top of the mechanical sectorscanner, when depressed, moved the metal pin against the mechanical linkage and also interrupted the electrical drive signal to the scanner motor ( fig. 2 ). At the same time, the cross-sectional image disappeared from the cathode ray tube and the ultrasound transducer was automatically switched to the Doppler velocimeter. This switch from imaging to Doppler measurement occurred in less than one-tenth second.
The Doppler velocimeter used in the system was rangegated which means that the Doppler-shift was detected only from a region that was a specific distance (or range) from the transducer.12 The region from which the Doppler shift was detected is known as the sample volume. The present system was designed so that the sample volume could be displayed on the cross-sectional image as a bright rectangle that appeared on the highlighted line ( fig. 1) The transducer of the mechanical sector-scanner was placed in direct contact with the chest wall and the heart imaged in cross-section. By placing the device in the third or fourth intercostal space and orienting it so that the scan plane was perpendicular to the long axis of the left ventricle (i.e., parallel to a line connecting the left shoulder and right hip), the right ventricular outflow tract and proximal main pulmonary artery could be imaged ( fig. 1 ).1' The mechanical sector-scanner was then angled in a medial or lateral direction until the sample volume seen on the cross-sectional image was located in the center of the proximal main pulmonary artery. Next, the sample volume controls were adjusted to position the sample volume at the place in the proximal main pulmonary artery where the ultrasound beam and the long axis of the pulmonary artery flow stream were approximately parallel to each other ( fig. 4) ing the angle between the long axis of the sample volume and city. In the present system, the maximum range was the flow stream is illustrated in figure 6 . In this example, a I at 7.5 cm which meant that peak blood flow velocities significant reduction in peak flow velocity is seen when the p to 175 cm/sec could be detected before uncertainty ocsound beam is not parallel with the flow stream. Placing the ed. Preliminary experience in 20 normal adults and sound beam at a 45 degree angle to the flow stream resulted lren indicates that maximum flow velocities in the prox-in a reduction of approximately 30% in measured peak flow I pulmonary artery do not exceed 100 cm/sec ( fig. 5). velocity (fig. 6 ). This contrasts with a less than 10% change the distance from transducer to the point where the in measured peak flow velocities (which appears to be related axis (i.e., the axis parallel to the sound beam) of the to quiet respiration) observed during long recordings of conpie volume and pulmonary flow stream were parallel is secutive heart beats. In addition, peak flow velocities than 6 cm. In addition, peak flow velocity in the main measured from studies in the same subject on different days nonary artery was relatively constant over a rather large have been within 10% of each other, suggesting that the long ,e of body surface area ( fig. 5) Doppler flow velocity meters require a higher ultrasound energy level than that used for M-mode echocardiography. In our system, for example, the transmitted power averages approximately 50 mW/cm' which is three to four times the average power used in M-mode echocardiography and roughly equal to that used in cross-sectional imaging. This energy level is below the safe value suggested by Wells. '8 Some recent studies suggest that biologic effects may be detected in vitro at relatively low energy levels.'9 These studies may not be directly applicable to man where much of the energy is reflected at the transducer-skin interface. This reflection plus attenuation produces much lower ultrasound intensities in the heart. Thus, although it is important to consider potential biologic effects with Doppler systems, it appears that the energy levels in the present system are sufficiently low to allow routine clinical use.
The instrument described in this paper is simple to use and well tolerated by the subjects that have been studied. The spectrum analyzer approach appears promising because it functions well with low signal-noise ratio ultrasound signals and because it allows detection of the distribution of flow velocities that occur within the sample volume. The use of a single transducer for both cardiac imaging and blood flow detection appears feasible. Initial experience suggests that simultaneous imaging and flow detection are not necessary for placement of the sample volume. The simplicity and relatively low cost of the system are additional features of the design approach. A second-generation instrument with two channels of spectrum analysis outputed at a faster rate is being developed to allow both an improved display for stripchart recording and the detection of simultaneous forward 929 and reverse flow. This directional capability may be of limited use in the pulmonary artery but should be particularly helpful when measuring blood flow in the aorta and inside the heart where both forward and backward flow might be expected. It is hoped that this approach will eventually allow the noninvasive measurement of volume blood flow in man.
